Directed self-assembly (DSA) of block copolymers is an effective method to pattern dense arrays of features with dimensions in the nanoscale. The implementation of a chemoepitaxy flow on 300 mm wafers has allowed the investigation of multiple materials and processing conditions that define a large parameter space in which to optimize DSA for commercially relevant process windows and levels of defectivity. The fabrication of chemically nanopatterned substrates in an all-track process using 193 nm immersion tools provided 14 nm half-pitch line-and-space patterns with an exposure latitude of 35% and depth of focus > 200 nm. Key parameters such as the width of the preferential-wetting guiding stripes and background chemistry of the lithographically-defined chemical patterns govern the process latitude and pattern perfection. Advances in full-wafer metrology and identification of sources of defects resulted in a better understanding of the quality of the chemical patterns and therefore the quality of the structure of the assembled block copolymer. This work provides guidelines for the most impactful pathways to follow in the development of materials and processes to minimize the number of defects using DSA of BCP for high volume manufacturing.
Introduction
Directed self-assembly (DSA) of block copolymers (BCP) has emerged as a complimentary lithographic technique as it has proved to be an effective method to achieve dense arrays of features with the sizes that are required for the 16 nm node and below, utilizing existing processing tools. [1] [2] [3] [4] In addition to the length scales that are proper to this technique (5-50nm), DSA of BCP offers several advantages over other processes in terms of ultimate resolution, cost, and throughput that have placed it as a viable solution for meeting the requirements for MPU/DRAM 16 nm half pitch and below.
[5] A major challenge for the implementation of DSA in semiconductor processing will be to achieve the industry requirements in terms of defect density. [5] To this end, part of the research in DSA of BCP has migrated to a fab environment, where the use of bulk lamellar period of the BCP (L 0 ), a high degree of perfection in the assembled structures is obtained. [10] Incommensurability between L s and L 0 causes the chains to stretch or compress to accommodate to the pitch of the nanopatterns. This effect conveys a conformational penalty that will increase the free energy of the system. For the case of strong interaction between the substrate and the BCP, a mismatch larger than 10% of L 0 results in the presence of defects or loss of registration with the underlying chemical pattern. The free surface boundary has a fixed interfacial energy for a given BCP and processing conditions. Finally, the substrate boundary will depend on the interfacial energy between the blocks and the different regions comprising the chemical patterns. The total free energy of the system will, therefore, depend on the materials and the substrate conditions, and will dictate the probability to generate defects.
When using a thin film of a given BCP material on top of a chemically patterned surface, minimization of the block-substrate interfacial energy is achieved through a fine control of the geometry (contact area) and the chemistry (surface energy) of the nanopatterns. [13] [14] The geometry is defined by the dimensions of the initial pre-pattern pitch (L s ) and the width of the guiding stripe (W), as shown on Figure 1 . For increased resolution via feature density multiplication, it has been shown that L s must be an approximate multiple of the natural periodicity of the BCP (L 0 ), and that when W = 0.5L 0 , perpendicular structures throughout the film are obtained. [12, 13] The chemistry of the guiding and backfill regions of the chemical patterns will determine their interfacial energy with the overlying BCP, ³ Bi-S or ³ Bi-b , respectively. For example, for density multiplication of polystyrene-block-poly(methyl methacrylate) (PS-b-PMMA) using a polystyrene guiding stripe, it has been shown that, for a given annealing time and temperature, the assembly with the least number of defects occurs when a slightly preferential material is used in the background region. [12] Through a careful design of the process and materials, the boundary conditions may be tuned to achieve the minimum defect density (in combination with the proper kinetics). Figure 2 , provides an effective method to control the substrate interface as a means to minimize the total free energy. [12, 15] It specifically addresses the need to relate a pattern's chemistry and dimensions to fundamental thermodynamic parameters, and it can provide information about the materials and processes that are required for defect minimization. This technique starts by spincoating a film of cross-linkable polystyrene (X-PS) on a substrate. After annealing, a photoresist is applied and exposed to generate lines and spaces with a specific L s . One of the key aspects of this scheme is the trim etch step, shown in Figure 2c ). As mentioned before, W = 0.5L 0 will provide one minimum of the block-substrate interfacial energy. For industrially relevant BCP materials with L 0 < 30nm, W should be around 10-20 nm. During the trim etch, the critical dimension (CD) of the photoresist must be reduced to the target W, and, at the same time, remove the X-PS between the lines. After this step, an organic solvent is used to strip the remaining photoresist that was protecting the guiding stripes. During the brush grafting (step e), two aspects are considered in order to achieve a controlled chemistry of the nanopatterns. First, the cross-linked matrix forming the guiding stripes prevents any interpenetration of the brush molecules during the annealing. Second, because the brush deposition is the last step in the fabrication of the chemical patterns, the brush does not experience any further processing that may alter its chemical properties. Upon completion of the chemical pattern fabrication process (step f), a chemical pattern with defined dimensions (interfacial areas) and chemistry (surface energy) can be used to spin-coat a film of BCP and obtain a high degree of perfection of the BCP structures. In this review, we will describe the LiNe flow as an effective platform for both the study and elimination of defects in the DSA process and the elucidation of critical parameters for line/space frequency multiplication. To this end, we will discuss some of the challenges that were addressed during its scale-up to 300 mm wafers at IMEC. Also, we will review the effect on DSA of materials and processing conditions used in the fabrication of the chemical patterns, such as the exposure dose and CD during lithography, and the composition of the random copolymer in the background region of the chemical pattern. Finally, we will define the role of metrology for the study of the quality of the chemical patterns on fully patterned wafers and the impact of the chemical pattern on defect generation.
Implementation of LiNe flow on 300mm wafers
The first step towards the implementation of the LiNe on 300 mm wafers was to adapt it from the initially reported method [1, 14] to make it amenable for track processing. Traditional processing in the laboratory involved some materials and processes that are typically not used in manufacturing fabs, such as hours-long annealing steps and incompatible solvents. Previous reports show that annealing the BCP most often used in DSA studies, PS-b-PMMA, can be done in a matter of seconds at higher temperatures (> 250 °C) to achieve well-ordered structures. [11] A similar approach was taken to investigate the impact of high temperature annealing of all the polymer materials applied in forming the chemical pattern in the LiNe flow. Although phenomena different from annealing occur during the baking of the mat material and brush, accelerated processing at 250 °C of these materials was also achieved. Additionally, toluene was used as the solvent for the mat, brush, and BCP in steps 1a), 1e), and 1g), respectively, in place propylene glycol methyl ether acetate (PGMEA), which was used in initial demonstrations in the laboratory. [16] Once the optimization of materials and baking steps was complete, the LiNe flow could be tested in a production setting.
For the implementation of the LiNe flow at IMEC [17] , a TEL CLEAN TRACK ACT TM 12 system was used for all the coating and annealing steps. Exposures were done on an ASML NXT1950Gi scanner at 1.35NA using quadrupole illumination (XY polarized, NA = 1.35, Ã o = 0.87, Ã i = 0.72). The exposure stack consisted of an inorganic antireflective coating (ARC) film of SiN, of 14 nm, which was deposited via chemical vapor deposition (CVD) on 300 mm Si wafers. The cross-linkable polystyrene (X-PS, AZEMBLY-NLD128, AZ-EM) film, with thickness of 7-8nm, was spin coated and heated for 90 min at 250 °C under a N 2 atmosphere (Figure 2a ). In step 2b), the photoresist was coated and exposed using vendor recommended settings for the post-apply bake (PAB), post-exposure bake (PEB), and development. Lines and spaces of 84 nm pitch and critical dimension (CD) of 37 nm were obtained. The samples then went through an O 2 and Cl 2 plasma etch step to trim the resist and remove the X-PS exposed to the plasma, followed by a wet resist strip using Orgasolv STR 301 (BASF). The random copolymer brush of styrene and methyl methacrylate (P(S-r-MMA)-OH, AZEMBLY-NLD127, AZ-EM) was spin coated and then heated for 5 min at 250 °C under a N 2 purge. Excess, unreacted material was removed by rinsing with RER600. PS-b-PMMA (AZEMBLY-PME312, AZ-EM) was spin coated on top of the chemical patterns and annealed with the same process conditions used for the random brush grafting. During the initial setup of the individual steps of the LiNe flow in industrial equipment, challenges associated with the materials were encountered. After edge bead removal (EBR), which cleans the edge of the wafer after spin coating, it was observed that the X-PS was peeling off the sample. [17] This was caused by the incompatibility of the polymer material with the Fujifilm RER500 cleaning solvent (ethyl lactate and methyl ethyl ketone) installed in the tools. The solution to this issue was to substitute Fujifilm RER500 for RER600 (PGMEA) in the EBR lines.
The transfer of the LiNe flow to industrial equipment also required further process tuning from the laboratory scheme. There were differences between the industrial tools at IMEC and the laboratory set up used in research. For example, the annealing hot plates on the IMEC line are very precise and can measure the temperature of the wafer at various locations, but the oxygen concentration on the IMEC line may be larger than in the glove box that was used in the lab for small sample preparation. When combined with materials that were designed to be highly stable in solution (also for implementation purposes), additional modifications to the initially modified process were required. Specifically, the X-PS has an annealing time reported to be 3 min at 250 °C [16] , but we found that 90 min was required at 250 °C to achieve complete cross-linking of the material and avoid interpenetration of the brush molecules in the following step 1e). Subsequently, we adjusted the cure cycle to 315 °C for 5 min.
Other challenges related to the processing of 300 mm samples included uniformity across the full wafer. About 2 nm difference in the film thickness was observed across the diameter of the sample after the brush anneal and rinse due to a non-uniform grafting density of the brush molecules to the substrate. Although this effect was not completely eliminated, the trim etch process, which incorporates oxygen functionalities to the SiN, increased the thickness value on the entire wafer and decreased the variation from 2 to less than 1nm. [17] Once the full process was implemented, it became evident that high reproducibility in the synthesis and purification of large amounts of materials was required. In particular, the impact of batch-to-batch variation in the properties of the PSb-PMMA, such as M n and PDI, on DSA was observed as 3 formulations, with the same L 0 , presented different behavior when coated on uniform wafers and inspected over large areas (10 images/die at low magnification = 62.5 µm 2 /die). Figure 3 shows the number of images that had defects on each die on the main axis for the 3 different PS-b-PMMA formulations (AZ-PME312, AZ-PME120, and AZ-PME252).
[18] The impact of the PS-b-PMMA formulation on the assembly could not be captured from single images at high magnification (< 1µm   2 ). Current, a thorough investigation of the impact of different PS-b-PMMA formulations is taking place at IMEC. The numbers on the x and y-axis correspond to the number of images with defects (out of 10 images).
After fine-tuning of the LiNe flow at IMEC, the first samples were fabricated and large process windows were obtained. Exposures latitudes of 40% for 25 nm pitch lines and spaces and 35% for 28 nm were shown. This flow was the first fully automated DSA process that provided 300 mm wafers in which a BCP material was assembled and directed with a high degree of perfection. 834 
Fabrication of chemical patterns
Among the advantages of performing research in an industrial environment, such as the one available at IMEC, are the fine control and the reproducibility of the process, and therefore of the boundary conditions, over large areas. As mentioned before, the boundary conditions at the substrate/BCP interface are defined by the geometry and chemistry of the nanopatterns. In the production flow, L s and W are defined by the exposure and the trim etch steps shown in Figure  2b ) and 2c), while the composition of the chemical patterns is tuned through the choice of materials used in steps 2a) and 2e). When these boundary conditions are controlled properly, perpendicular BCP structures with a high degree of order are obtained.
With the implementation of the LiNe flow at IMEC, the study of the impact of the dimensions of the chemical patterns over a large number of conditions was possible due to: a) multiple CD (in terms of W) per pitch available on the reticle and b) the wide dose range that can be used during exposure.
[18] For a pre-pattern pitch of 84 nm and different CD values of the photoresist after trimetch, BCP assembly was evaluated using a score of 0 from 3, representing random orientation to perfect alignment, respectively, as shown in Figure  4a . The results show a process window in which the BCP presents good registration with the underlying chemical patterns when 0.5 < W/L 0 < 0.9. Figure 4b also shows that when W approaches 1.0L 0 , all order is lost and randomly oriented structures are obtained. A simple explanation relies on the fact that if a slightly off-neutral P(S-r-MMA) brush with 51%PS content is grafted to the backfill region, then
The interaction between X-PS and PMMA will increase the free energy in a larger degree than any other interface. Assuming straight profiles throughout the film thickness, as W increases, the interfacial area between the guiding stripe and the PMMA block also increases. For the annealing time and temperature used in this experiment, at W = 0.9 -1.0L 0 , this unfavorable interaction may lead to either random orientation of the BCP, which corresponds to a state of minimum free energy, or the need for longer annealing times to achieve a defect-free pattern. While top-down SEM images show perfectly ordered structures, it is important to note that there is no information of 3-dimensional structures forming throughout the film thickness for this range of W, as predicted by theoretical work. [12] In order to further study the impact of the chemistry of the backfill region on the interfacial energy between the BCP and the chemical patterns, the composition of the P(S-r-MMA)-OH brush that was grafted at the background region was varied from 43.5%-69% polystyrene. [19] In this experiment, focus exposure matrices were used and BCP alignment was characterized by taking 10 images, corresponding to an area of 62.5µm 2 , per exposure condition. The wafer maps, shown in Figure 5 , indicated that a slightly PMMA preferential brush is necessary to obtain a high degree of perfection over a wide range of W and that the use of a 'neutral' brush (about 58% PS) led to defect formation and eventually to random orientation. Liu et al. showed that for each density multiplication factor, a specific composition will provide a minimum in the block-substrate interfacial energy and, therefore, the lowest total free energy of the system. [12] Figure 5 suggests that similar process windows were obtained for the 3 compositions with the lowest PS content available. Identification of finer differences between these compositions requires another metrology approach to access larger areas, such as optical inspection. However, previous work done in the lab and the current results obtained on 300 mm wafers present remarkable agreement. . Process windows for different P(S-r-MMA) brush compositions. A lower polystyrene content in the random brush (43.5 -51.2 %PS) results in larger process windows, shown in green. As the PS content increases, the process window is reduced in size (yellow), until random orientation is observed over the entire wafer (red). The numbers on each die show the defect-free images (out of 10).
In summary, the implementation of the LiNe flow has proved to be an effective technique to investigate simultaneously multiple parameters and processing conditions that impact BCP assembly. This technique allows the control over the properties of the chemical patterns, such as the composition and dimensions of the guiding stripe and the background region. Although improvements in the fabrication of the nanopatterns are necessary, the LiNe flow has already provided some insight into the parameters that govern DSA and the way to finely tune them to achieve the degree of perfection required by industry.
Metrology
The key to DSA's insertion to high volume manufacturing lies in its ability to generate low defect patterns, and the best way to achieve this is to investigate the formation/annihilation of defects over sufficiently large areas that allow their quantification and relation to changes in total free energy of the system. However, this goal cannot be achieved without the proper metrology to capture the defects generated during BCP assembly. Traditionally, non-optical techniques are utilized for imaging and collecting information of the assembly process due to the length scales that are involved in DSA of BCP. SEM and AFM are used in most studies, which convey the inspection of limited areas. The first report of the use of optical inspection of DSA of BCP on 300mm wafers showed promising values in terms of defect density (< 20/cm 2 ), but it lacked the analysis of the conditions that led to this result. [6] In order to investigate the formation of thermodynamically originated defects, i.e. differentiation of assembly defects from patterning defects, a statistical analysis of each step of the process of the fabrication of chemical patterns and BCP anneal was performed. This methodology, referred to as 'Defect Source Analysis of Directed Self-Assembly' has been described in detail previously. [7] Briefly, it compares the position of defects observed at each step of the process. With this methodology, it is possible to trace back defects to the step in which they were generated. It proved to be an effective tool to identify the root causes of a variety of defects captured on the PS nanopatterns (after PMMA removal). As shown in Figure 6 , two main contributors to final defectivity that are related to the chemical pattern were found. First, the X-PS mat presented about 500/cm 2 locations where potentially a defect could be found. After collecting SEM images, at about 99% of these locations, small holes in the film (< 200nm in diameter) were observed. Following the propagation of this type of defect backwards through the LiNe flow until the chemical patterns, it was observed that this type of defect caused a local absence of the guiding stripes. Most of these defects were healed after BCP assembly, as they are capable to correct minor patterning defects by reaching thermodynamic equilibrium states during thermal annealing. [20] The second source of defects was related to particles in the brush material. Finally, SEM inspections of the new locations where a defect could exist after PMMA removal (509/cm 2 ) showed that particles in the BCP material account for about 60% of the adder defects, some dislocations and clusters were related to processing non-uniformities, and at about 30% of the locations, no defects could be found. [7] Figure 6. Defect source analysis of directed self-assembly. The pareto chart shows the locations of potential defects that are captured at each step of the process.
One of the major implications of using optical inspection for DSA of BCP is that the tools do not have the resolution to 'image' the defects present on the sample. Instead, it relies on the characteristics of the nanopatterns, such as periodicity and the optical properties of the materials, to capture differences between the inspected area and a reference field. It is possible to use optical inspection methods on the line/space patterns generated with lamellae-forming BCP due to the regular features that have a high degree of perfection. However, inspecting the polystyrene lines shown on Figure 7 presented some challenges. As indicated, the height of the patterns is about 20nm. Although an initial BCP film thickness of 32nm was used, about 10nm are lost during the plasma etch process for PMMA removal. Due to the dimensions and the optical properties of the PS features in addition to the heterogeneous stack, part of the signal obtained from the sample inspection corresponds to the chemical patterns. Therefore, in order to improve the capture rate of defects coming from the BCP only, transferring the patterns into SiN and silicon substrates was necessary. Preliminary results show that small defects, both DSA and non-DSA specific can be captured using this methodology, as shown in Figure 8 . This new methodology presents new opportunities to evaluate with a great level of detail any improvements related to materials and processes that target defect minimization using DSA of BCP. Figure 8 . DSA and non-DSA specific defects captured using optical inspection after PS pattern transfer into SiN and Si substrate.
Conclusions
The implementation of the LiNe flow at IMEC required modifications that were related to the process equipment and materials that are available in a fab. After each step of the process was defined, the LiNe flow scheme was the first fully automated process for DSA of BCP that provided 14 nm half-pitch lines and spaces, improving the initial pre-pattern resolution by a factor of 3. With this set-up, the investigation of the properties of the chemical patterns, such as chemistry and geometry, can be investigated in detail and relate them to fundamental parameters that drive DSA. Additionally, the metrology is a key factor for the study of DSA of BCP over lager areas, where transferring the PS patterns into the substrate is required to improve the capture rate of DSA and non-DSA specific defects. Finally, with the full methodology implemented at IMEC, which consists of the LiNe flow and improved metrology, it is possible to study the origin of defects over fully patterned wafers. The quantification of defects and their relationship to changes in total free energy of the system, as well as to processing and material conditions, will allow us to achieve the defect levels that are required for the implementation of DSA of BCP for high volume manufacturing.
